Clay-supported TiO 2 photocatalysts can potentially improve the performance of air treatment technologies via enhanced adsorption and reactivity of target volatile organic compounds (VOCs). In this study, a bench-top photocatalytic flow reactor was used to evaluate the efficiency of hectorite-TiO 2 and kaolinite-TiO 2 , two novel composite materials synthesized in our laboratory. Toluene, a model hydrophobic VOC and a common indoor air pollutant, was introduced in the air stream at realistic concentrations, and reacted under UVA (λ max = 365 nm) or UVC (λ max = 254 nm) irradiation. The UVC lamp generated secondary emission at 185 nm, leading to the formation of ozone and other short-lived reactive species. Performance of clay-TiO 2 composites was compared with that of pure TiO 2 (Degussa P25), and with UV irradiation in the absence of photocatalyst under identical conditions. Films of clay-TiO 2 composites and of P25 were prepared by a dip-coating method on the surface of Raschig rings, which were placed inside the flow reactor. An upstream toluene concentration of ~170 ppbv was generated by diluting a constant flow of toluene vapor from a diffusion source with dry air, or with humid air at 10, 33 and 66 % relative humidity (RH). be partially attributed to the contribution of gas phase reactions by short-lived radical species. When the reaction rate was normalized to the light irradiance, T r /I λ , the UV/TiO 2 reaction under UVA irradiation was more efficient for samples with a higher content of TiO 2 (P25 and Hecto-TiO 2 ), but not for Kao-TiO 2 . In all cases, reaction rates
Introduction
Organic pollutants can be removed effectively from indoor air using active UV photocatalytic oxidation (UVPCO) methods (1-4). Passive methods, in which volatile organic compounds (VOCs) react over irradiated indoor surfaces, have also been identified as promising pollution abatement technologies. For example, paint containing photocatalytic pigments was shown to catalyze the oxidation of indoor VOCs, although their efficiency still needs to be assessed (5, 6) . The use of photoactive coatings in depolluting and self-cleaning external surfaces of buildings (such as glass windows, cement, etc) has also been extensively studied, and is currently being implemented in several commercial products (3, 7, 8) . In each of these applications, the photocatalytic particles -usually pure TiO 2 -are supported on materials that must be strongly attached to building surfaces and/or to the air purifiers' hardware, resisting environmental aging and mechanical abrasion. Supports also should be chemically inert, or participate in the chemical process facilitating pollutant elimination. Other requirements for good photocatalyst supports include: 1) to facilitate mass transport to and from the active sites, 2) to increase the effective residence time in the proximity of the photocatalyst, and 3) to avoid blocking irradiation from the active sites. Support materials for TiO 2 include, among others, glass (8) (9) (10) , quartz (11), paper (12) , cement (7); activated carbon fibers (13, 14) , ceramics (15, 16) , stainless steel (17) and polymeric matrices such as poly(ethylene terephthalate) (PET) and cellulose acetate (18, 19) . Similarly, significant research efforts have been made to improve the photocatalytic efficiency of TiO 2 -based nanoparticles through chemical and physical transformations (20) (21) (22) (23) (24) (25) . Such changes include doping with transition metal ions (23) and non-metallic elements (24) , as well as structural transformations at the nanometric scale such as the synthesis of p-n juncture nanotubes (25).
Natural and synthetic clays are receiving increasing attention as supports of TiO 2 -based photocatalysts for air and water remediation (26) (27) (28) (29) (30) . Clays present often a large surface area for reversible and irreversible adsorption of organic pollutants.
Experimentally determined sorption rates indicate that significant amounts of VOCs adsorb onto internal clay surfaces, with inter-particle and intra-particle diffusional time constants spanning two orders of magnitude (31) . Embedding TiO 2 nanoparticles in clay matrices is expected to improve the photocatalytic performance by enhancing VOC 5 retention through adsorption in clay pores. In addition, clays can also act as electron acceptors or donors (32) and have the ability to catalyze diverse chemical processes such as polymerization, reduction, decomposition or acid-base reactions (32) (33) (34) (35) .
Synthesis of TiO 2 nanoparticles embedded in the structure of porous clays avoids the formation of macroscopic aggregates of photoactive particles that may lead to reduced efficiency. Furthermore, clays are stable supports that protect the TiO 2 particles from erosion or washing, and are inexpensive, non-toxic materials.
In the present study, we investigated the photocatalytic activity of two TiO 2 -clay nanocomposite materials synthesized in our laboratory (36) . The nanocomposites were illuminated with either UVA (λ max = 365 nm) or UVC (λ max = 254 nm) radiation.
The UVC lamp used in our study generated secondary emission at 185 nm, in addition to the principal line at 254 nm. Co-generation of ozone in UVPCO applications with irradiation at 185 + 254 nm was shown to increase VOC removal efficiency, as compared with irradiation at exclusively 254 nm, and with longwave frequency of 365 nm (37, 38) . Similarly, a recent study showed higher toluene oxidation rates and mineralization for the combined oxidation process UV/TiO 2 /O 3 as compared with UV/TiO 2 (39) . Irradiation of the TiO 2 surface in the presence of ozone was shown to have a positive effect on the regeneration of the photocatalyst, due to enhanced elimination of non-volatile, partially oxidized byproducts that remained adhered to the photocatalyst (40) . For this reason, the combined UV/TiO 2 /O 3 process is considered effective in improving the overall VOC removal efficiency, minimizing the formation of harmful partially oxidized volatile species and extending the lifetime of the photocatalyst through elimination of non-volatile oxidation byproducts from its surface.
In UVPCO indoor air cleaning applications, excess ozone generated in the UV/TiO 2 /O 3 process should be removed from the air before being delivered to occupied spaces through irradiation with ozone-degrading UV light of 254 nm and/or placing an activated carbon bed downstream of the unit.
In several studies, reactions catalyzed by UV/TiO 2 and UV/TiO 2 /O 3 have been performed in bench-scale experiments using gas-phase VOC concentrations that are between 1 and 3 orders of magnitude higher than those that could be typically encountered in a UVPCO air cleaning system, principally due to limitations of the analytical methods used in those experiments (37) (38) (39) (40) (41) . Recently, photocatalytic 6 performance with ppbv-level VOC concentrations has also been reported (4, 42) . Here, we investigate the potential of these reactions at VOC concentrations that occur in buildings (in the low ppb range), by applying sampling and analytical techniques commonly used in indoor air quality characterization (43) . We also investigated the adjuvant effect of ozone and other active oxygen species at low concentrations (≤ 250 ppbv O 3 ), compared with the much higher values reported by other authors (e.g., 3-15
The main purpose of the present study is to evaluate the performance of two composites synthesized in our laboratory based on hectorite (Hecto-TiO 2 ) and kaolinite (Kao-TiO 2 ), under UVA (UV/TiO 2 -clay) and UVC irradiation (UV/TiO 2 -clay/O 3 ). We compared the performance of the two composites with that of pure TiO 2 (Degussa P25) under identical experimental conditions. We also investigated the effect of relative humidity (RH) in the range 0-66 % on the photocatalytic process with UVC irradiation, as well as on the direct photolysis/ozonolysis (UV/O 3 ). The oxidation of toluene was followed as a probe reaction. Toluene was selected as a model hydrophobic indoor air pollutant for two reasons: it is a compound for which photocatalytic oxidation pathways have been studied extensively (42, (44) (45) (46) , and it is one of the predominant VOCs in indoor environments (47, 48) . This study is specifically focused on toluene, a model hydrophobic VOC, because of its high levels indoors, and relatively lower removal efficiency achieved by conventional UVPCO methods (4). Our results will help assess potential benefits and challenges associated with the use of clay minerals as supports for TiO 2 -based photocatalysts. 
Experimental Section

Materials
Preparation of photocatalyst coatings
Clay-TiO 2 composites. Description of the synthesis and characterization of the An aliquot of Solution B was added to a clay suspension and the TiO 2 content in the suspension was 70% w/w, stirred for 24 h, and centrifuged at 3,800 rpm for 10 minutes.
Then, the solid phase was washed three times with nanopure water. The resulting TiO 2 -clay composite was dispersed in a 1:1 water: ethanol solution and exposed to hydrothermal treatment in an autoclave at 180°C for 5 hours. The product was centrifuged once again at 3,800 rpm for 15 minutes, and resuspended in absolute ethanol (Solution C).
Preparation of catalyst-coated Raschig rings. Fifty Raschig glass rings were coated with each of the TiO 2 -clay composite samples and fifty more were coated with P25. Before coating, the rings were initially sonicated for 5 minutes in acetone, for 5 more minutes in de-ionized water, and dried at 60 ºC for 1 h. Each ring was dip-coated for 5 seconds in suspensions containing a) Solution C corresponding to one of the two deposited on each ring, is reported in Table 1 together with the BET surface area and the average pore area corresponding to each photocatalyst. 
Photocatalytic reactor and experimental methods
Experiments were carried out in the photocatalytic flow reactor illustrated in 
Results and discussion
The toluene % removal (%R) in each experiment was calculated as
and the toluene removal rate, T r , expressed in ng.min -1 , was calculated as follows:
where f is the airflow rate (in mL.min -1 ), and the toluene concentrations are expressed in ng.mL -1 . In Figure 1 , %R results under UVA and UVC illumination at 10% RH and 21 o C are presented together with toluene removal rates normalized to the mass of photocatalyst (T r /m f ), to the mass of TiO 2 present in the photocatalyst (T r /m f-TiO2 ) and to 11 the UV light irradiance (T r /I λ ). The corresponding values of each of these parameters are presented in Table 1S (Supporting Information). and Kao-TiO 2 (3%).
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Toluene removal under UVC
Irradiation with UVC light under identical flow conditions led to a significantly higher toluene elimination. However, after normalizing to the radiance of each lamp, the effective removal rates Tr/I reported in Table 1S and in Figure 1 are lower for the UVC lamp than for the UVA lamp, except for Kao-TiO 2 . Figure 2 illustrates that toluene removal rates (T r ) for the two samples with higher TiO 2 content (P25 and Hecto-TiO 2 )
follow a trend parallel to that observed for the UVA lamp, which extrapolates at 0% 
and decomposed by radiation of 254 nm:
The oxidation rate of toluene with O( 3 P) is fast, with a bimolecular rate constant of 
Effect of relative humidity on toluene removal
The effect of relative humidity (RH) on toluene removal under UVC irradiation was investigated using dry air, and humid air at 10%, 33% and 66% RH, to cover a broad ambient humidity range. In each case, experiments were performed using Table 2 . In all cases, we observed a maximum toluene removal rate at RH = 10%, suggesting a positive effect of limited water coverage (i.e., less than a monolayer). This positive effect was counterbalanced by a larger negative effect observed at higher RH conditions, in which excess water competed with toluene molecules for reaction sites over the catalysts, in coincidence with previously reported 15 results (54). Results presented in Table 2 indicate that water vapor plays a role not only on the heterogeneous photocatalytic process, but also on the homogeneous gas-phase chemistry under UVC irradiation, which also peaked at 10% RH. These results are consistent with previous observations of dramatic (38) and moderate (55) increases in gas phase reactivity of toluene under irradiation at (254+185) nm in the presence of water vapor vis-à-vis dry conditions. However, the efficiency of clay-TiO 2 composite photocatalysts can be affected by several factors. On a catalyst mass basis, the samples considered in this study did not perform at the same level or better than P25. Relative humidity affected differently each of the two clay-TiO 2 samples, being relatively favorable for Kao-TiO 2 but very negative for Hecto-TiO 2 , compared to the effect observed for P25. Since indoor air cleaners operate typically under moderate RH conditions, the reduced efficacy observed in the presence of moisture is a critical parameter to be considered in order to design photocatalysts that can eliminate hydrophobic VOCs. The effect of co-adsorbed water on the photocatalytic removal of one VOC (toluene) over different photocatalysts (P25, Hecto-TiO 2 , Kao-TiO 2 ) reported here is consistent with our previous observations comparing a mixture of several VOCs of different hydrophilicity on the same photocatalytic surface (4). In both cases, our results suggest that competition of VOCs with an excess of water on the surface of the catalyst is an important factor affecting overall conversion. For Hecto-TiO 2 , even when the composite synthesis successfully increased the (already large) available surface area in the clay for VOC adsorption through incorporation of a large amount of titania, water adsorption and condensation on the pores may severely limit its effectiveness in the elimination of hydrophobic VOCs. Hence, clay materials combining high surface area and porosity (such as hectorite) with relatively less hydrophilic surfaces (such as kaolinite) should be a more effective photocatalyst for the elimination of hydrophobic VOCs. 
BRIEF
The performance of novel hectorite-TiO 2 and kaolinite-TiO 2 photocatalysts is evaluated by following the removal of realistically low toluene concentrations from dry and humidified air.
